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We use resonant inelastic x-ray scattering (RIXS) to investigate charge-stripe correlations in
La1.675Eu0.2Sr0.125CuO4 (LESCO-1/8). By differentiating elastic from inelastic scattering, it is
demonstrated that charge-stripe correlations precede both the structural low-temperature tetrag-
onal (LTT) phase and the transport-defined pseudogap onset. The scattering amplitude from
charge-stripes seems to have no characteristic onset temperature T . Instead, it scales as T−2
while the integrated in-plane intensity is roughly temperature independent. Although the incom-
mensurability shows a remarkably large increase at high temperature, our results are interpreted
via a single scattering constituent. In fact, direct comparison to other stripe-ordered compounds
(La1.875Ba0.125CuO4, La1.475Nd0.4Sr0.125CuO4 and La1.875Sr0.125CuO4) suggests a roughly constant
integrated scattering intensity across all these compounds. Our results therefore provide a unifying
picture for the charge-stripe ordering in La-based cuprates. As charge correlations in LESCO-1/8
extend beyond the LTT and pseudogap phase, their emergence heralds a spontaneous symmetry
breaking in this compound.
Unconventional superconductivity is often associated
with competing intertwined order parameters. For un-
derdoped cuprate superconductors, the omnipresence of
charge ordering (CO) has been established [1–5]. The
observation of different ordering vectors, however, opens
the possibility of multiple ordering susceptibilities. It
is therefore pivotal to investigate the different types of
charge ordering tendencies. In this context, the La-based
cuprates constitute an important group of compounds.
In fact, spin-charge stripe order was first discovered in
La1.475Nd0.4Sr0.125CuO4 (LNSCO) [1] and subsequently
studied intensively in the La2−xBaxCuO4 system [6–8].
These two compounds share a low-temperature tetrago-
nal (LTT) crystal structure that appears concomitantly
with charge ordering. The LTT phase is characterized by
tilting of the CuO6 octahedra with the rotation axis along
the Cu-O bond directions [see Figs. 1(a) and 1(b)]. It
breaks C4 symmetry within individual CuO2 planes, con-
sistently with charge-stripe ordering. The potential link
between charge-stripe ordering and the LTT phase has
therefore been the subject of many experiments [1, 2, 8–
10]. A fundamental question is whether the LTT struc-
ture is a consequence or trigger of stripe order. The
original scattering experiments found that the LTT and
stripe order parameters have identical onsets in temper-
ature [1, 6]. As the LTT order parameter grows faster,
stripe order has been viewed as a secondary effect. Start-
ing from La1.875Ba0.125CuO4 (LBCO), another set of ex-
periments has traced stripe ordering as the LTT phase is
suppressed by hydrostatic pressure [9], temperature [11],
or Sr for Ba substitution [12–14]. In all cases, it is found
that charge-stripe order emerges spontaneously outside
the LTT crystal lattice phase. A prominent exception
is La1.675Eu0.2Sr0.125CuO4 (LESCO) that has the high-
est LTT onset temperature (Ts ∼ 125 K, see Fig. 1d)
and where stripe order, probed by resonant elastic x-ray
scattering (REXS), appears only below 80 K [10, 15, 16].
This pronounced temperature ”gap” between the LTT
and REXS-defined stripe order onsets suggests no funda-
mental correlation between the two. The complete lack
of universal behavior across the La-based cuprates has
impeded broader conclusions on the stripe ordering.
Here, we present a high-resolution resonant inelastic x-
ray scattering (RIXS) study of La1.675Eu0.2Sr0.125CuO4
(LESCO-1/8). By filtering inelastic from elastic pro-
cesses, it is shown that charge correlations survive beyond
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FIG. 1. Crystal structure and low-temperature charge order in LESCO. (a) Crystal structure of LESCO in the high-temperature
tetragonal (HTT) phase. Upon cooling, it first undergoes a structural transition to the low-temperature orthorhombic (LTO)
phase then enters the LTT phase at lower temperature. (b) Distortions of the CuO6 octahedra in the LTO and LTT phases.
(c) Schematic of the scattering geometry of the RIXS experiments. The incident angle θ is defined with respect to the CuO2
plane. The black open circles denote the in-plane position of the CO reflections. (d) Temperature dependence of the (3, 0, 0)
structural peak intensity, measured with non-resonant 8.048 keV x-rays, characterizes the development of LTT phase. The
intensity is normalized to the amplitude of (4, 0, 0) Bragg peak. The open and filled symbols represent data measured by
counting at both the peak and background positions or by fitting longitudinal scans, respectively. (e) Normal incidence x-ray
absorption spectroscopy (XAS) spectrum obtained with σ polarized light. (f) Momentum scans (Q-scans) of the quasi-elastic
intensity through the CO peak position along h measured with σ and pi light polarizations and at the off-resonance energy
(930.0 eV) indicated in (e). (g) Comparison of the quasi-elastic Q-scans along h and k directions as indicated by the black and
red thick lines in (c), respectively. Solid lines in (f) and (g) are Gaussian fits. Error bars are defined by counting statistics or
estimated from systematic uncertainties throughout the Letter [20].
both the LTT phase and the pseudogap onset T* de-
fined by transport experiments [17]. This demonstrates
that, in this compound, stripe correlations appear spon-
taneously in the absence of LTT and pseudogap phase.
The charge-stripe correlations seem to have no clear on-
set temperature as the diffraction amplitude decays with
temperature as T−2. The integrated in-plane diffraction
intensity, by contrast, appears roughly temperature in-
dependent. Although the charge ordering wavevector ex-
hibits a remarkably large shift at high temperature, the
constant integrated intensity suggests a single ordering
mechanism. Finally, we provide evidence for an approx-
imately constant integrated in-plane intensity across all
known 1/8-doped stripe-ordered cuprate systems. This
suggests a universal stripe order in La-based cuprates ex-
pressed with different correlation lengths.
Single crystals of LESCO, LNSCO, LBCO and
La1.875Sr0.125CuO4 (LSCO) were grown using a floating
zone method. RIXS experiments were carried out at the
ADvanced RESonant Spectroscopies (ADRESS) [18, 19],
I21 and ID32 beamlines at the Swiss Light Source
(SLS)/Paul Scherrer Institut, Diamond Light Source,
and European Synchrotron Radiation Facility (ESRF),
respectively. Energy resolution, expressed in standard
Gaussian deviation ranges from σ
G
≈ 20 (I21) to 48 meV
(ADRESS) for experiments on LESCO. A complete com-
pilation of experimental configurations, including all
compounds, is given in the Supplemental Material [20].
Given the quasi-two-dimensional character of this sys-
tem, we consider only the in-plane momentum transfer
which can be controlled by varying the incident angle θ
and sample azimuthal angle φ [Fig. 1(c)]. RIXS spec-
tra were recorded with both linear vertical (σ) and lin-
ear horizontal (pi) incident light polarizations [Fig. 1(c)].
All crystals were prealigned ex-situ using x-ray LAUE
backscattering and cleaved in-situ by a standard top-
post technique. Wavevector Q at (qx, qy, qz) is defined
as (h, k, `) = (qxa/2pi, qyb/2pi, qzc/2pi) reciprocal lattice
units (r.l.u.) using pseudo-tetragonal notation, with
a ≈ b ≈ 3.79 A˚ and c ≈ 13.1 A˚ for LESCO.
Charge-stripe order in the La-based cuprates manifests
itself by satellite peaks at the wavevectors Q = τ +QCO
where τ is fundamental Bragg reflections and QCO =
(δa, 0, δc) and (0, δb, δc). The in-plane incommensurabil-
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FIG. 2. Temperature evolution of the charge-stripe order. (a)–(d) Intensity distribution maps of the RIXS spectra in the
energy-momentum space through the CO peak along the h direction for different temperatures. (e) High-resolution RIXS
spectra (measured at I21) obtained near QCO with pi polarization for indicated temperatures. Data near the elastic line (left
part) and dd excitations (right part) are shown on a different energy scale for clarity. (f) Representative RIXS spectra collected
at 80 K. The blue, dark and light gray open circles represent data measured at the CO peak and background positions indicated
by the arrows in (b) [QBG1 = (0.346, 0), QBG2 = (0.129, 0)], respectively. The red dashed lines in (e) and (f) mark the energy
window of the quasi-elastic intensity integration. (g), (h) Background-subtracted quasi-elastic scans along the h direction at
various temperatures. Solid lines in (g) and (h) are Gaussian fits to the data.
ity δ = δa = δb is close to 1/4, and weak out-of-plane
anti-phase correlations imply broad diffraction maxima
at δc = 1/2 [8, 14]. Cu L-edge [∼ 932.2 eV, Fig. 1(e)]
RIXS permits resonant x-ray diffraction (XRD) with a
well-defined energy resolution. Such resonant energy re-
solved XRD data recorded on LESCO-1/8 at base tem-
perature (24 K) is shown in Figs. 1(f) and 1(g). It reveals
– consistent with previous reports [10, 15, 16] – that (i)
the low-temperature charge order incommensurability is
δ = 0.233 [15, 21], (ii) the electronic ordering is probed
on the resonance only [11], (iii) the reflection is most
intense using incident σ polarization [5], and (iv) the
in-plane transverse and longitudinal correlation lengths
are identical [11, 22]. Unless otherwise indicated, we are
therefore using incident σ polarization and focusing on
in-plane longitudinal (h, 0) scans.
The temperature dependence of the charge scattering
is shown in Figs. 2(a)–2(d), by plotting RIXS intensity
distribution maps (IDMs) – intensity versus h and en-
ergy loss. At low temperature, the elastic component
due to stripe order is peaking at the incommensurate
position h = δ. The main experimental observation re-
ported here is that the charge-stripe correlations in LE-
SCO persist beyond the temperature-onset reported by
REXS [10, 15, 16] and even beyond the onset temper-
ature of the LTT phase (Fig. 1d). This observation is
directly appreciated from the raw RIXS IDMs plotted in
Figs. 2(a)–2(d) as a function of temperature. Represen-
tative RIXS spectra measured with both the pi and σ po-
larizations are shown in Figs. 2(e) and 2(f), respectively.
The elastic scattering from charge stripes is drastically
enhanced when cooling to base temperature [Fig. 2(e)]
and by approaching QCO [Fig. 2(f)].
To quantify the charge order intensity, these RIXS
IDMs are analyzed as follows. Elastic scattering is in-
ferred from each RIXS spectrum by integrating the in-
tensity around the elastic line. The integration window is
set by the width of the resolution function (±2√2 ln 2σ
G
),
indicated by red dashed lines in Fig. 2. To account for
the variation of detection efficiency, the RIXS intensities
are normalized to the area of the dd excitations. In this
fashion, after subtracting a linear background [20], longi-
tudinal scans through QCO [see Figs. 1(f), 2(g) and 2(h)]
are generated. Fitting these scans using a single Gaussian
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FIG. 3. Incommensurability, intensity and correlation length of the charge-stripe order. (a), (b) Temperature dependence of the
CO incommensurability (a) and peak intensity (b) in LESCO. The filled circles in (b) denote the fitted amplitude of the h-scans
in Fig. 2. The open circles represent the background-subtracted quasi-elastic scattering intensity measured at Q = (0.235, 0).
Backgrounds are measured at Q = (0.129, 0) and (0.346, 0). The inset shows the same data on a linear scale. (c) CO peak
intensity as a function of correlation length for LESCO, LNSCO, LBCO and LSCO. Since the CO reflection in LSCO splits
transversely into two peaks at low temperature (see Fig. S2(d) [20] and Ref. [12]), twice of the amplitude of a single peak is
used for LSCO. The color-code indicates the temperature for the LESCO data. The solid lines are guides to the eye.
function allows us to extract (i) the scattering amplitude
I, (ii) the incommensurability δ and (iii) the in-plane
correlation length ξ defined by the inverse half width at
half maximum (HWHM). Temperature evolution of these
parameters are summarized in Fig. 3.
The incommensurability is locked to δ ≈ 0.23 below
80 K. By contrast for T > 80 K, it increases upon warm-
ing and reaches δ ≈ 0.27 at T = 210 K [Fig. 3(a)].
The diffraction amplitude I decreases rapidly with tem-
perature following an approximately T−2 dependence –
seemingly without any characteristic onset temperature
[Fig. 3(b)]. As the correlation length ξ decays in a simi-
lar fashion with temperature, plotting I versus ξ reveals
a simple power-law relation between the two i.e. I ∼ ξα
with α ≈ 2.0 [Fig. 3(c)]. The similar crystal field en-
vironment across La-based single-layer cuprates justifies
comparison of CO diffraction intensities normalized to
their respective dd excitations. Doing so, the I ∼ ξ2
scaling applies also to LNSCO, LBCO and LSCO with
doping x = 1/8 [see Fig. 3(c)].
We start by discussing how our RIXS experiments on
LESCO compare to previous REXS reports [10, 15, 16].
The difference in charge ordering ”onset” temperature
found by respectively REXS and RIXS is a matter of
probing sensitivity. With the energy resolving power of
RIXS, it is possible to disentangle elastic from inelastic
scattering processes [23]. As the diffraction amplitude
from charge order is weakened upon increasing tempera-
ture, it eventually becomes negligible in comparison to,
for example, dd excitations [Fig. 2(e)] [24]. In LESCO,
this happens around T ≈ 80 K, and hence this temper-
ature scale marks the charge correlation detection limit
for REXS experiments rather than a fundamental on-
set temperature. With differentiation of elastic and in-
elastic scattering processes, it is possible to probe the
charge ordering response in LESCO in the regime be-
yond the REXS detection limit. The CO diffraction am-
plitude scales approximately as T−2 to the highest mea-
sured temperature (210 K), suggesting no fundamental
onset temperature. Even more intriguingly, the in-plane
integrated diffraction intensity remains essentially inde-
pendent of temperature i.e. I ∝ ξ2. Cooling into the
pseudogap and LTT phases thus seems to have no signif-
icant impact on the stripe order intensity. It is thus clear
that the onset of LTT structure is neither triggering nor
enhancing the stripe order in LESCO-1/8.
The scaling behavior of charge scattering (I ∝
ξ2) is reminiscent of the dynamic magnetic critical
scattering in La2CuO4 and another S = 1/2 two-
dimensional square-lattice quantum Heisenberg antifer-
romagnet (2DSLQHA) Sr2CuO2Cl2 observed by neutron
scattering experiments [25, 26]. The amplitude of in-
stantaneous spin correlations S(q) = S(0)/(1 + (q/ξ)2)
is also found to scale with the spin correlation length
as S(0) ∝ ξ2. Here q is the two-dimensional devia-
tion from the antiferromagnetic ordering wavevector. No-
tably, such scaling behavior observed on La2CuO4 is as-
sociated with two-dimensionality and local spin nature.
However, it seems to be specific to the cuprates, as in
copper formate tetradeuterate (CFTD), another S = 1/2
2DSLQHA, the ratio of S(0)/ξ2 shows a clear temper-
ature dependence [27]. As the response function for
charge correlations is represented in the low-energy RIXS
cross-section [23, 28], our experiments on stripe-ordered
cuprates are analogous to the neutron scattering studies
of La2CuO4. Drawing on this analogue may suggest that
dynamic charge correlations are probed.
The incommensurability δ in LESCO-1/8 displays a
5strong temperature dependence, as has been observed in
LBCO-1/8 [11, 29]. It is never saturating at any fixed
high-temperature value. Below 80 K, a low-temperature
lock-in of the incommensurability occurs. This lock-in,
marking the only temperature scale in our data, seems
unrelated to the LTT structural transition. The fact
that the incommensurability δ moves – with increasing
temperature – from ≈ 1/4 towards the ≈ 1/3 found in
YBa2Cu3O7−y (YBCO) [3–5, 30, 31], led to the sug-
gestion that there exists a universal susceptibility for
charge order correlations with δ ∼ 0.3 in hole-doped
cuprates [11]. However, in LESCO the charge order in-
commensurability is not reaching δ = 0.3 and hence the
link to charge ordering in YBCO remains speculative.
Future ultra high resolution RIXS experiments should
address whether the apparent shift in incommensurabil-
ity is influenced by soft phonons or Kohn anomalies near
QCO [32–34]. If such phonon excitations become impor-
tant/relevant at high temperature, one would expect a
broadening of the quasi-elastic CO peak. This is indeed
observed, but there seems to be no obvious correlation
between the broadening and incommensurability.
In both YBCO [35] and LBCO [29], the full tempera-
ture dependence of the charge ordering has been analyzed
using components: a static long-range low-temperature
and a fluctuating short-range high-temperature con-
stituent. Our data on LESCO can be analyzed with
a single component that has a constant integrated in-
plane intensity. Despite different analysis approaches,
the low-temperature long-range correlations and inte-
grated diffraction intensity can certainly be compared
across 1/8-doped stripe-ordered compounds. The longest
in-plane correlation lengths are found in LBCO [11, 22],
whereas more modest length scales are reported in
LNSCO [1, 22, 36, 37], LSCO [12] and LESCO (this
work). Normalizing, the best possible, intensities across
all these four compounds suggests a roughly constant in-
tegrated in-plane intensity (see Fig. S3 in Supplemental
Material [20]) [38]. The fact that the LTT onset tem-
perature and order parameter vary across these com-
pounds [10, 16, 22] again suggests no link between the
diffracted stripe order and the structural phase transi-
tion. It is also interesting to discuss correlation length
and integrated diffracted intensity in the context of the
Fermi surface reconstruction (FSR). In LBCO, LNSCO
and LESCO, the large low-temperature negative ther-
mopower has been interpreted as evidence of a charge-
stripe-order induced FSR [39, 40]. This is supported
by the fact that the negative thermopower is found in
a dome around 1/8 doping [40]. Typically, the onset-
temperature TFS of the FSR is quantified by the zero-
crossing (S = 0) of the thermopower [40]. Both TFS and
the zero-temperature thermopower values are essentially
identical across these stripe-ordered compounds. The
identical FSR onset temperature suggests that the in-
plane correlation length is not the defining parameter for
the FSR. Empirically, the integrated in-plane scattering
intensity seems to be a more important parameter.
In summary, we have carried out resonant inelastic x-
ray scattering (RIXS) experiments on stripe-ordered La-
based cuprates. Focusing on LESCO-1/8, it is demon-
strated – in contrast to previous elastic (resonant and
non-resonant) reports – that stripe correlations precede
the low-temperature tetragonal (LTT) crystal structure.
This permits to conclude that stripe order generally
emerges spontaneously without LTT structural deforma-
tions. While charge correlations in LESCO have been
traced to the highest temperature among the stripe-
ordered cuprates, the integrated scattering intensities are
found to be compound independent. This, together with
the ∼ T−2 temperature dependence of the diffraction
amplitude, strongly suggests that stripe ordering in the
cuprates goes beyond weak-coupling mean-field physics.
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